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Abstract 
Experimental data on the nonlinear wave train development in 3D supersonic boundary layer over swept wing and experimental 
investigation of wave train development in spanwise modulated boundary layer on flat plate and swept wing at Mach number 2 
and 2.5 are presented. Artificial disturbances in the boundary layer were excited by periodical glow discharge mainly at 10 and 
20 kHz. It was found, that some disturbance excitation downstream cannot be explained by linear stability theory. It was obtained 
that receptivity of supersonic boundary layer to the surface excited controlled pulsations and the wave train development 
essentially depends on the Mach number. 
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1. Introduction 
The process of amplification of the initially small disturbances in the boundary layers is well described by the 
linear stability theory. Far downstream the nonlinear wave interaction become dominant and leads to laminar flow 
breakdown and turbulence origin. Theoretical and experimental results on nonlinear interactions of disturbances in 
compressible flows have been mainly obtained for two-dimensional boundary layers. From the experimental point of 
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view most suitable method for stability investigation is controlled disturbance technique1. The problem of the 
laminar-turbulent transition in three-dimensional (3D) boundary layers is more complicated2-4. Experimental 
investigations of the linear stability of swept wing supersonic boundary layer have been published recently5. In the 
paper (1) a nonlinear phenomenon in compressible 3D boundary layer at Mach 2 and 2.5 are presented. A possibility 
of subharmonic resonance in 3D supersonic boundary layers is known a long time ago6. 
Up to now our experiments on the development of the wave train in supersonic boundary layers were mainly 
made at Mach 2.07-11. This paper presents results (2) on the generation and development of artificial disturbances and 
receptivity to controlled pulsations in spanwise modulated supersonic boundary layer on flat plate and swept wing at 
Mach 2.0 and 2.5. A comparative experimental study of the evolution of controlled fluctuations in the boundary 
layer on the smooth models and in the spanwise modulated boundary layer at a fixed electrical power of source 
disturbances were performed. 
2. Experimental equipment and data processing 
The experiments were conducted in T-325 supersonic wind tunnel of ITAM SB RAS at Mach 2 and 2.5. The 
model of a swept wing with a slightly blunted leading edge and the model of a flat steel plate with a sharp leading 
edge were used (see Fig. 1). The experiments were carried out at unit Reynolds number Re1 = 5×106 m-1 for Mach 2 
and then at Re1 = 5×106 and 8.5×106 m-1 for Mach 2.5 in order to get the same Reynolds number for first case and 
the same static pressure value for second case in comparison with Mach 2. Constant temperature anemometer (CTA) 
was used for mean and pulsating flow quantities measurements. Artificial disturbance sources based on high 
frequency glow discharge in chamber7 were built into the models. Controlled pulsations were delivered into the 
boundary layers through the surface aperture of 0.5 mm in diameter. The pulsation measurements were 
synchronized with glow discharge which was ignited with fundamental frequency of 20 kHz. AC and DC signals 
from CTA were written to the PC by using of 12-bit ADC with sampling rate 750 kHz and by DC voltmeter 
correspondingly. Four time traces of 65536 points in length were measured and written to file in each position of 
hot-wire. Mean and pulsation characteristics of the flow were obtained after data processing using a standard 
technique12. 
 
Fig. 1. (a) model of the flat plate; (b) model of the swept wing.  
The spanwise measurements were made at the fixed normal distance from the model surface and at y/δ ≈ const 
for each position at the perturbation maximum in the boundary layer. The square stickers from a scotch tape were 
applied to induce the spanwise modulation of mean flow in the boundary layer. The sizes of labels for the flat plate 
were 4 mm × 4 mm, and sizes of labels for the swept wing were 3 mm × 3 mm, the height in both case was 60 
microns. Some details concerning to the coordinate systems and location of the stickers are shown in Fig. 1. 
The frequency-wave spectra of controlled disturbances were obtained from two-dimensional Fourier transform 
in time t and the transverse coordinate13. The mean flow distortion was determined by using the ratio between the 
relative change of the average mass flow and relative change of mean voltage output from CTA14. 
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3. Experimental results 
3.1. On the controlled disturbances development on smooth swept wing at Mach 2 and 2.5 
First of all we consider the natural disturbance downstream development in order to estimate the regions of linear 
and nonlinear evolution of the perturbations. In accordance with these results, positions of the measuring sections 
are chosen. The dependence of RMS mass flow fluctuations <m> and the mean mass flow ρU which indicated 
conditions downstream measurements for both Mach numbers are shown in Fig. 2. Here it is the longitudinal 
coordinate x is measured from the leading edge of the model. The measurements were performed at unit Reynolds 
number Re1 = 5×106 m-1 in the boundary layer and constant mass flow ρU level equal to about 70% of the value in 
the external flow. 
 
Fig. 2. Natural disturbances development in swept wing boundary layer at Mach 2 and 2.5. 
The linear and nonlinear regions of the natural disturbance development are estimated from the statistical 
analysis, in which the presence of the Gaussian distribution of the probability density for the fluctuation amplitude 
indicates the linearity of the process, while a deviation from the normal distribution points out on the nonlinearity of 
the process15. For Mach number 2 it was obtained that the natural disturbances develop linearly up to the coordinate 
x Ĭ 130 mm or the Reynolds number, corresponding to this coordinate Rex Ĭ 0.65 × 106. At high Reynolds 
numbers natural disturbances developed nonlinearly, since their distribution densities for the fluctuation amplitude 
considerably deviate from the normal distribution law. Similar results for Mach number 2.5 showed the following 
values: x Ĭ 100 mm, Rex Ĭ 0.5 × 106. In accordance with this experimental data were obtained at xc = 60, 70, 
80 mm from the source of controlled disturbances where the nonlinear effects dominate. Moreover it was found that 
fundamental frequency disturbances (20 kHz) and subharmonic disturbances (10 kHz) belong to the range of the 
unstable in the linear sense waves for both Mach numbers. 
Fig. 3 presents the amplitude distributions of controlled disturbances over the z'-coordinate at 10 and 20 kHz for 
Mach 2 and 2.5. At Mach 2 the disturbances at frequency 20 kHz developed downstream as the packet of eigen 
waves of the 3D supersonic boundary layer. As previously obtained5 the wave train at fundamental frequency 
20 kHz becomes smeared in the transverse direction, while its center is displaced toward positive values of the z'. 
Downstream evolution at frequency 10 kHz disturbances gets additional features. There are amplitude growth in the 
region close to z' = 0 where in the case of the linear development amplitude is negligible. Indicated above amplitude 
is even higher than those corresponding to a linear development of the wave train at frequency 10 kHz. Similar 
results regarding the disturbance development are observed for Mach number 2.5. 
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Fig. 3. Spanwise pulsation amplitude distributions in swept wing boundary layer. (a, b) M=2; (c, d) M=2.5. 
 
Fig. 4. The amplitude wave spectra of artificial disturbances in swept wing boundary layer. (a, b) M=2; (c, d) M=2.5. 
The amplitude β'-spectra of artificial disturbances at fundamental and subharmonic frequencies are shown in 
Fig. 4. Note that the amplitude wave spectra at frequency 20 kHz corresponds to the linearly growing waves, which 
have a maximum at β' = 1.06 rad/mm for M = 2 and at β' = 0.89 rad/mm for M = 2.5. Other features of the 
amplitude β'-spectra at 10 kHz are observed. There are several peaks in amplitude β'-spectra which exceed the 
measurement inaccuracy. For Mach 2 maximum at β' = 0.8 rad/mm is usual for most unstable eigen waves in swept 
wing supersonic boundary layer at frequency 10 kHz then appearance of increasing waves with wave numbers 
β' = 0.19; 1.6 rad/mm is unexpected with the linear stability theory viewpoint for the boundary layer at these 
experimental conditions. For Mach 2.5 along with a linear maximum at β' = 0.75 rad/mm at 10 kHz and 
β' = 0.89 rad/mm at 20 kHz observed an additional peak at β' = 0.13 rad/mm for subharmonic frequency. For 
mentioned above wave numbers the phase behavior is nearly constant in phase spectra when β' is increased. This 
means that wave train corresponding to this part of the spectra is localized in the region close to z' = 0. 
To explain the appearance of additional peaks in amplitude β'-spectra at 10 kHz the estimation of dispersion 
relation for wave numbers αr'(β') and the verification of subharmonic resonance condition16 were made. Three-wave 
resonant interaction conditions can be written as: 












where subscripts correspond to three components of the wave triplet. Here subscript 3 refers to the fundamental 
wave (20 kHz). Two others subscripts refer to subharmonic waves at frequency 10 kHz. Resonance conditions for 
wave numbers were chosen in accordance to maxima in amplitude β'-spectra for linear waves. In our case wave 
triplets can be find at β' = 0.26; 0.8 rad/mm for M = 2 and β' = 0.14; 0.75 rad/mm for M = 2.5 at frequency 10 kHz 
and β' = 1.06 rad/mm for M = 2 and β' = 0.89 rad/mm for M = 2.5 at 20 kHz. Graphically and quantitatively the 
subharmonic resonance is presented in Fig. 5 and in Table 1. 
 
Fig. 5. Dispersion relation and possible wave triplets. (a) M=2; (b) M=2.5. 
     Table 1. Verification of the condition of subharmonic resonance. 
f, kHz αr'(M=2), rad/mm β'(M=2), rad/mm αr'(M=2.5), rad/mm β'(M=2.5), rad/mm 
10 0.03 0.26 0.1 0.14 
10 -0.52 0.8 -0.5 0.75 
20 -0.48 1.06 -0.39 0.89 
3.2. Artificial disturbance evolution in spanwise modulated boundary layers at Mach 2 and 2.5 
3.2.1. Flat plate boundary layer 
The method of controlled disturbances, which is used in this study allowed us to determine the basic mechanisms 
of transition in supersonic boundary layer on a flat plate17. These results are concerned to the smooth surface of the 
flat plate. According to the DNS results18, one of the competing transition mechanisms of two-dimensional 
supersonic boundary layer is the so-called oblique breakdown. Earlier it was experimentally revealed that sub-
harmonic resonance is playing a leading role in the process of transition in supersonic boundary layer, and the 
mechanism of oblique breakdown significantly behind in competition with subharmonic type of transition. It was 
found that the role of these mechanisms may change in the spanwise modulated boundary layers13. Our previous 
studies of disturbance development in modulated boundary layer were conducted at Mach 2. Let us consider the 
results of studies of perturbations in the spanwise modulated supersonic boundary layer on a flat plate at M=2.0 and 
2.5 in comparable conditions of controlled experiments. 
A comparison of the mean flow distortion in the spanwise direction is presented in Fig. 6. It was found that the 
roughness elements have the same effect on the value of mean flow distortion for M = 2.0 and 2.5 at fixed static 
pressure. When static pressure decreased the amplitude of mean flow distortion decreases. 
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Fig. 6. A comparison of the mean flow distortion in the spanwise direction in the vicinity of the fluctuation maximum in the boundary layer. 
 
Fig. 7. Instantaneous amplitude pulsation distribution for subharmonic frequency. (a) M = 2.0; (b) M = 2.5 and Re1 = 5u106 m-1; (c) M = 2.5 and 
Re1 = 5u106 m-1. 
 
Fig. 8. Instantaneous amplitude pulsation distribution for fundamental frequency. (a) M = 2.0; (b) M = 2.5 and Re1 = 5u106 m-1; (c) M = 2.5 and 
Re1 = 5u106 m-1. 
Instantaneous amplitude pulsation distributions in spanwise direction for subharmonic and fundamental 
frequency are shown in Fig. 7 and 8 respectively. From Fig. 7a and 8a we can conclude that both types of nonlinear 
interaction (subharmonic resonance and oblique breakdown) in the physical space are not distinguish at Mach 2.0. 
Both mechanisms are manifested in the form of a standing wave. In the case M = 2.5 (Fig. 7 b,c and 8 b,c) the 
instantaneous amplitude pulsation distributions in spanwise direction show that wave train develops almost linearly 
for the fundamental and subharmonic frequency. 
A comparison of the amplitude wave spectra over β for subharmonic and fundamental wave train at the initial 
and chosen section are shown in Fig. 9 and 10 respectively. It was found that the wave train at the fundamental and 
subharmonic frequency is generated by the same manner for M = 2.0 and 2.5 at fixed static pressure (Fig. 9). The 
wave train downstream development essentially depends on the Mach number. It was obtained that at the Mach 2.5 
both a subharmonic and fundamental wave trains develop almost linearly, whereas at Mach 2.0 there is competition 







100 UU /UUf , % M = 2.0, Re1 = 5.0 u 106 m-1
M = 2.5, Re1 = 5.0 u 106 m-1 
M = 2.5, Re1 = 8.4 u 106 m-1x = 90 mm
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between mentioned above two interaction mechanisms for unstable waves (subharmonic resonance and the oblique 
breakdown). 
 
Fig. 9. Comparison of the amplitude wave spectra over β for (a) subharmonic and (b) fundamental wave train in the initial section. 
 
Fig. 10. Comparison of the amplitude wave spectra over β for (a) subharmonic and (b) fundamental wave train in the chosen section. 
3.2.2. Swept wing boundary layer  
Pulsation amplitude distribution over z’ at fundamental frequency (f = 20 kHz) in the initial and chosen section in 
the case of smooth swept wing is presented in Fig. 11. It was found that the efficiency of disturbance source is the 
same for Mach 2.0 and 2.5 at fixed static pressure in the initial section. The efficiency of disturbance source is 
decreased when static pressure is decreased at fixed Mach number. The wave train at the fundamental and 
subharmonic frequency develops almost linearly. At chosen electrical power for discharge ignition the wave train at 
the subharmonic and the fundamental frequency wasn’t observed for the case of М=2.5 and Re1=8.7×106 m-1. 
 
Fig. 11. Pulsation amplitude distribution over z’ at fundamental frequency (f = 20 kHz) in the (a) initial and (b) chosen section in the case of 
smooth swept wing. 
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A comparison of the mean flow distortion in the transversal direction is presented in Fig. 12. Similar to the results 
obtained on the flat plate it was found that the roughness elements have the same effect on the mean flow for 
M = 2.0 and 2.5 at fixed static pressure. With a decrease in static pressure the amplitude of mean flow distortion 
decreases. 
 
Fig. 12. A comparison of the mean flow distortion in the spanwise direction in the vicinity of the fluctuation maximum in the boundary layer. 
A comparison of the amplitude wave spectra over β’ for fundamental wave train in the initial and chosen section 
is shown in Fig. 13 a, b. Similar to the flat plate results presented above it was obtained that the wave train at the 
fundamental and subharmonic frequency is generated by the same manner for M = 2.0 and 2.5 at fixed static 
pressure. It was found that the fundamental wave train grows downstream only at Mach 2.0. The wave packet at the 
fundamental and subharmonic frequency develops almost linearly for the case at M=2.0. At chosen electrical power 
for discharge ignition the wave train at the subharmonic and the fundamental frequency wasn’t observed for the case 
of М=2.5. 
 
Fig. 13. Comparison of the amplitude wave spectra over β’ for (a) subharmonic and (b) fundamental wave train in the initial section. 
Comparing the results for the smooth model and for the model with roughness elements we can made some 
conclusion about the effect of roughness elements on the evolution of perturbations in the boundary layer. However 
we cannot do this for the case of M = 2.5 and Re1=8.7×106 m-1 since in both cases at chosen electrical power for 
discharge ignition does not allowed to observe the wave train evolution. 
A comparison of the amplitude wave spectra over β’ at fundamental frequency for smooth swept wing and wing 
with roughness in the initial and chosen section at M=2.0 are presented in Fig. 14. It was found out that the 
roughness presence leads to a decrease of the disturbance source efficiency at Mach 2. However, the growth rate of 
perturbations is the same as for the smooth swept wing and swept wing with roughness elements. In the case of 
subharmonic frequency it was obtained the same results. 






100 UU/UUf, % M = 2.0, Re1 = 5.1 u 106 m-1
M = 2.5, Re1 = 5.2 u 106 m-1
M = 2.5, Re1 = 8.7 u 106 m-1
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Fig. 14. Comparison of the amplitude wave spectra over β’ for smooth swept wing and swept wing with roughness in the (a) initial and (b) chosen 
section at M=2.0. 
A comparison of the amplitude wave spectra over β’ at fundamental frequency for smooth swept wing and swept 
wing with roughness elements in the initial and chosen section at M=2.5 and Re1=5.2×106 m-1 are presented in 
Fig. 15. For the case М=2.5 and Re1=5.2×106 m-1 there is the stabilization of the wave train downstream 
development. The similar results were obtained for wave train at subharmonic frequency. 
 
Fig. 15. Comparison of the amplitude wave spectra over β’ for smooth swept wing and swept wing with roughness in the (a) initial and (b) chosen 
section at M=2.5. 
4. Conclusions 
An experimental study of nonlinear interactions of controlled disturbances in supersonic boundary layer on 
smooth swept wing at Mach 2 and 2.5 was carried out. The region of nonlinear stage of natural disturbance 
evolution was defined. Downstream nonlinearity of the controlled disturbance evolution was detected and 
appearance of additional peaks in β'-spectra at subharmonic frequency can be explained by subharmonic resonance. 
It was experimentally demonstrated nonlinear amplification of stable in the linear sense disturbances in a wide range 
of β' wave numbers in the 3D supersonic boundary layer. 
For the first time the results on the generation and wave train development in spanwise modulated supersonic 
boundary layer at Mach 2 and 2.5 were obtained experimentally in the same conditions of controlled experiment. 
Experiments in the flat plate and swept wing boundary layers have shown that the roughness elements have the 
same effect on the mean flow distortion for M = 2.0 and 2.5 at fixed static pressure. When static pressure is 
decreased the amplitude mean flow distortion also is decreased. In 2D and 3D cases it was obtained that the wave 
train at the fundamental and subharmonic frequency is generated by the same manner for M = 2.0 and 2.5 at fixed 
static pressure. 
In flat plate experiments it was obtained that at Mach 2.5 both a subharmonic and fundamental wave train 
develops almost linearly, whereas at Mach 2.0 there is the competition between two interaction mechanisms for 
unstable waves (subharmonic resonance and the oblique breakdown). 
In swept wing experiments it was found out that the roughness presence leads to a decrease of the disturbance 
source efficiency at Mach 2. However, the perturbation growth is the same as for the smooth sweptwing and swept 
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wing with roughness elements. For the case М=2.5 и Re1=5.2×106 m-1 there is some stabilization of the wave train 
downstream development at fundamental and subharmonic frequency. 
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